Phototropins (phot1 and phot2), the blue light receptors in plants, regulate hypocotyl phototropism in a fluence-dependent manner. Especially under high fluence rates of blue light (HBL), the redundant function mediated by both phot1 and phot2 drastically restricts the understanding of the roles of phot2. ] cyt was possibly responsible for HBL-induced hypocotyl phototropism. An inhibitor of auxin efflux carrier exhibited significant inhibitions of both phototropism and increases in [Ca 2+ ] cyt , which indicates that polar auxin transport is possibly involved in HBL-induced responses. Moreover, PHYTOCHROME KINASE SUBSTRATE1 (PKS1), the phototropin-related signaling element identified, interacted physically with phototropins, auxin efflux carrier PIN-FORMED1 and calcium-binding protein CALMODULIN4, in vitro and in vivo, respectively, and HBL-induced phototropism was impaired in pks multiple mutants, indicating the role of the PKS family in HBL-induced phototropism. Together, these results provide new insights into the functions of phototropins and highlight a potential integration point through which Ca 2+ signalingrelated HBL modulates hypocotyl phototropic responses.
] cyt was primarily attributed to phot2. Pharmacological and genetic experiments illustrated that HBL-induced Ca 2+ increases were modulated differently by phot1 and phot2. Phot2 mediated the HBLinduced increase in [Ca 2+ ] cyt mainly by an inner store-dependent Ca 2+ -release pathway, not by activating plasma membrane Ca 2+ channels. Further analysis showed that the increase in [Ca 2+ ] cyt was possibly responsible for HBL-induced hypocotyl phototropism. An inhibitor of auxin efflux carrier exhibited significant inhibitions of both phototropism and increases in [Ca 2+ ] cyt , which indicates that polar auxin transport is possibly involved in HBL-induced responses. Moreover, PHYTOCHROME KINASE SUBSTRATE1 (PKS1), the phototropin-related signaling element identified, interacted physically with phototropins, auxin efflux carrier PIN-FORMED1 and calcium-binding protein CALMODULIN4, in vitro and in vivo, respectively, and HBL-induced phototropism was impaired in pks multiple mutants, indicating the role of the PKS family in HBL-induced phototropism. Together, these results provide new insights into the functions of phototropins and highlight a potential integration point through which Ca 2+ signalingrelated HBL modulates hypocotyl phototropic responses.
Blue light (BL) is a key factor controlling plant growth and morphogenesis. Recent genetics investigations using Arabidopsis (Arabidopsis thaliana) have revealed that the BL receptors phototropin1 (phot1) and phot2 mediate BL-induced plant movements such as phototropism, chloroplast relocation, stomatal opening, leaf flattening, and leaf positioning responses . Most of these responses are mediated redundantly by both phot1 and phot2 (Kinoshita et al., 2001; Sakamoto and Briggs, 2002) , but some responses are mediated by either phot1 or phot2 Suetsugu et al., 2005) . In addition, several lines of evidence have indicated that phot2 might negatively regulate the phot1-mediated response (de Carbonnel et al., 2010) and vice versa (Harada et al., 2003 (Harada et al., , 2013 .
One of the numerous physiological processes controlled by BL is phototropism. Phototropism enables plants to bend toward incident light by perceiving the direction, wavelength, and intensity of incident light so that they are able to obtain optimum light. Genetic evidence has shown that both phot1 and phot2 redundantly function to regulate hypocotyl phototropism in a fluence-dependent manner . Phot1 functions at both low (0.01-1 mmol m 22 s
21
) and high (greater than 1 mmol m 22 s
) fluence rates to mediate phototropic responses, but phot2 functions only at high fluence rates (Inada et al., 2004) . The functional specification of phot1 and phot2 could be attributed to the differences in signal intermediates between phot1 and phot2 signaling pathways.
Genetic analysis has illustrated that phot1 mediates hypocotyl phototropism via its downstream signal transducers NONPHOTOTROPIC HYPOCOTYL3 (NPH3; Motchoulski and Liscum, 1999) , ROOT PHOTOTRO-PISM2 (RPT2; Sakai et al., 2000) , and NONPHOTOTROPIC HYPOCOTYL4/AUXIN RESPONSE FACTOR7 (NPH4/ARF7; Harper et al., 2000) , resulting in the asymmetric distribution of auxin and the induction of a phototropic response in higher plants. Recently, studies have demonstrated that PHYTOCHROME KINASE SUBSTRATE (PKS) proteins are required for hypocotyl phototropism and that PKS1 binds PHOT1 and NPH3 in vivo (Lariguet et al., 2006) . In addition, ATP-BINDING CASSETTE B19 (ABCB19), a newly identified auxin transporter, has been reported to interact with phot1 to regulate the BL-dependent phototropism (Christie et al., 2011) . However, little is known about phot2-mediated phototropism for functional specialization, especially under high fluence rates of blue light (HBL), although several lines of evidence have shown that phot2-and phot1-mediated signaling pathways share some intermediates in BL responses (Kimura and Kagawa, 2006; Christie, 2007) . Previous researches have suggested that phot1 acts not only positively in the presence of RPT2 but also negatively in its absence during the phototropic response of hypocotyls at high fluence rates, suggesting that RPT2 modulates the function of phot1. However, RPT2 does not act in the phot2-mediated pathway (Inada et al., 2004) . More recently, RCN1-1, the A1 subunit of Ser/Thr PROTEIN PHOSPHATASE2A (PP2A), has been identified to interact with phot2. While reduced PP2A activity enhances the activity of phot2, it does not enhance either phot1 dephosphorylation or the activity of phot1 in mediating phototropism (Tseng and Briggs, 2010) .
Besides these signal intermediates noted above, phototropins may also confer their effects through the change of ion homeostasis. Ca 2+ is a case in point. Recent reports have demonstrated that phototropins mediate the mobilization of Ca 2+ in response to BL and that phot1 and phot2 mediate Ca 2+ increases with distinctive mechanism in leaf cells according to the changes of ambient light intensity (Harada and Shimazaki, 2007) . Under low fluence rates of BL, phot1 solely mediated Ca 2+ influx through the channels in the plasma membrane. Under HBL, the increase in cytosolic Ca 2+ concentration ([Ca   2+ ] cyt ) is primarily attributed to phot2-dependent Ca 2+ release from the internal calcium stores as well as the plasma membrane Ca 2+ channels. Interestingly, the inhibitory effects of phospholipase C (PLC) inhibitors on the BL-induced responses in the wild type are larger than those in the phot1 single mutant, which indicates that there are some functional interactions between phot1 and phot2 to induce the elevation of cytosolic Ca 2+ (Harada et al., 2003) . However, until now, the function of Ca 2+ in the phototropin-mediated phototropism signaling process has remained largely unknown. Pharmacological experiments indicate that changes in [Ca 2+ ] cyt are required for the phot1-mediated inhibition of hypocotyl growth but not for phot1-mediated phototropism (Folta et al., 2003) . Otherwise, electrophysiological studies indicate that phototropic bending involves changes in ion fluxes, including calcium (Babourina et al., 2004) . Such divergent responses show that the link between phototropins and calcium has not been firmly established in the case of hypocotyl phototropism. In phototropism, the phot1-dependent relocalization of the auxin efflux carrier PIN-FORMED1 (PIN1) is required for auxin redistribution (Blakeslee et al., 2004) , and the PINOID kinase influences the relocalization of PIN1 (Friml et al., 2004) . Given that both the calmodulin-related protein TCH3 and the calcium-binding protein AtPBP1 can bind to the PINOID kinase (Benjamins et al., 2003) , it would appear that the cross talk among phototropins, auxin, and calcium is an important event for phototropism.
Here, we show that HBL induces increases in [Ca 2+ ] cyt , which are mostly attributed to the function of phot2, and that the increases in [Ca 2+ ] cyt are required for HBL-induced phototropism in Arabidopsis hypocotyls. Figure 1 . Analysis of the expression of PHOT1 and PHOT2 genes in the hypocotyl of Arabidopsis etiolated seedlings by RT-PCR, qRT-PCR, and western blotting. A, RT-PCR analysis of PHOT1 and PHOT2 gene expression levels in wild-type (WT), phot1, phot2, and phot1phot2, PHOT1-OX (transgenic PHOT1 in the wild type), PHOT2-OX (transgenic PHOT2 in the wild type), phot1 PHOT2-OX (transgenic PHOT2 in phot1), and phot2 PHOT1-OX (transgenic PHOT1 in phot2) plants. B, qRT-PCR analysis of PHOT1 and PHOT2 gene expression levels in wild-type, mutant, and transgenic plants. C, Western-blot analysis of phot1, phot2, and the plasma membrane H + -ATPase in the hypocotyl of Arabidopsis etiolated seedlings. To determine phot1 and phot2, 40 mg (for phot1) or 60 mg (for phot2) of protein was loaded in each lane. We also demonstrate that PKS1 may integrate phototropins with auxin transport in phot2-dependent Ca 2+ signaling, and we discuss the possible molecular link between phototropins and other potential signal elements in HBL-induced phototropism.
RESULTS

Expression Analysis of phot1 and phot2 in Arabidopsis Etiolated Hypocotyls
To investigate the functions of the two phototropins (phot1 and phot2) in HBL-induced responses, we transformed the wild type and phot1 and phot2 mutants with PHOT expression constructs driven by the SUPER promoter (Bai et al., 2009) . Based on the segregation of hygromycin resistance, the overexpression homozygous lines were isolated for further analysis. Figure  1A shows results after reverse transcription (RT)-PCR analysis of PHOT1 and PHOT2 transcripts in Arabidopsis etiolated hypocotyls. Similar to previous studies in Arabidopsis leaves (Kinoshita et al., 2001) , the PHOT1 mRNA was found in the wild type and the phot2 mutant but not in phot1 and phot1phot2 mutants. However, although the transcript level of PHOT2 was lower than that of PHOT1, the PHOT2 mRNA was still found in the wild type, phot1, phot2, and phot1phot2 mutants. Furthermore, the transcript levels of PHOT1 or PHOT2 were enhanced in PHOT1 or PHOT2 overexpression transgenic lines. Consistently, quantitative real-time RT-PCR analysis (Fig. 1B) and immunoblotting detection (Fig. 1C) Although calcium plays a role in the process of BLdependent responses (Harada and Shimazaki, 2007) , the nature of changes in cytosolic Ca 2+ in etiolated seedling hypocotyls in response to BL remains largely unknown. Here, we made transgenic Arabidopsis that expressed aequorin in wild-type and mutant plants, in which the transgenic aequorin system had been confirmed to work well by the classic cold treatment (Knight et al., 1996; Supplemental Fig. S1 ] cyt by HBL was 83.93 6 23.66 nM, which can be estimated from the aequorin luminescence according to a previous method (Baum et al., 1999; Fig. 2B further characterized the significance of phototropins for HBL-induced Ca 2+ increases by using phototropin single (phot1 and phot2) and double (phot1phot2) mutants containing transgenic aequorin. When these etiolated seedlings were exposed to HBL at 100 mmol m 22 s 21 for 15 s, the phot1 mutant essentially resembled the wild-type plant, with a significant transient increase of RLU (Fig. 3A) , and the peak [Ca 2+ ] cyt was 84.09 6 23.48 nM in wild-type and 68.94 6 19.31 nM in phot1 hypocotyls (Fig. 3B) . The relative contribution of phot1 (or phot2) was calculated as the percentage difference in HBL-induced increase in [Ca 2+ ] cyt between phot1 (or phot2) and the wild type ( Fig. 3C ) and showed that the HBL-induced increase in [Ca 2+ ] cyt was primarily attributed to phot2.
To further confirm the contribution of phot2 to the increase in [Ca 2+ ] cyt , we also overexpressed the PHOT2 gene by placing its complete coding sequence under the control of the SUPER promoter. As shown in Figure  3D , the overexpression of PHOT2 in homozygous phot1 and wild-type plants drastically enhanced the increase in [Ca 2+ ] cyt , and the role of transgenic PHOT2 in the absence of PHOT1 (phot1 PHOT2-OX) was stronger than that in the presence of PHOT1 (PHOT2-OX), indicating the crucial role of phot2 in regulating the HBLinduced increase in [Ca 2+ ] cyt . ] cyt to about 81.2%, 78.8%, and 55.2% of control levels in the wild type and phot1 and phot2 mutants, respectively ( Fig. 4B ). Considering that LaCl 3 , the plasma membrane Ca 2+ channel blocker identified (Monshausen et al., 2009) , can also enter plant cells (Klüsener et al., 1995) and undoubtedly inhibits the intracellular Ca 2+ channels in internal Ca 2+ stores (e.g. vacuoles and endoplasmic reticulum; Gelli and Blumwald, 1993) , we thus infer that the internal Ca 2+ stores are probably responsible for HBL-induced increases in [Ca 2+ ] cyt . Indeed, U73122 (10 mM), an inhibitor of PLC, and rutherium red (RR; 20 mM), an endomembrane Ca 2+ channel inhibitor, significantly reduced the increases in [Ca 2+ ]cyt in the wild-type plant and the phot1 mutant. However, both inhibitors did not significantly reduced the increase in [Ca 2+ ] cyt in the phot2 mutant (Fig. 4, C and D) , which resembled the role of LaCL 3 (Fig. 4B ). U73122 has been described as inhibiting PLC activity, thus reducing the amount of inositol 1,4,5-triphosphate and blocking inositol 1,4,5-triphosphatesensitive Ca 2+ release from internal stores in plant cells (Harada et al., 2003) . These results strongly suggest that phot2 mediates HBL-induced transient increases in [Ca 2+ ] cyt mainly by an inner store-dependent Ca 2+ -release pathway.
HBL-Induced
To further detail the source of cytosolic Ca
2+
, we applied a patch-clamp technique to record the whole-cell Ca 2+ currents in Arabidopsis hypocotyl epidermal cell protoplasts in response to a BL pulse (100 mmol m 22 s 21 for 30 s). When the protoplasts were kept in darkness before the experiments and illuminated with dim light during the process of patch-pipette attachment, no significantly pronounced channel activity could be recorded. After the onset of the BL pulse, a time-dependent increase of Ca 2+ currents could be monitored in the wild type and the phot2 mutant (Fig. 5, A and C) , while the BL pulse failed to induce the increase in Ca 2+ currents in phot1 and phot1phot2 mutants (Fig. 5, B and D) . Furthermore, overexpression of the PHOT1 gene in the wildtype plant still enhanced the increase in Ca 2+ currents (Fig. 5E ). By contrast, the overexpression of PHOT2 in the wild-type plant drastically decreased the increase in Ca 2+ currents (Fig. 5F ), and the overexpression of PHOT2 in homozygous phot1 did not induce any increase in Ca 2+ currents (Fig. 5G) . These results, together with the data above (Figs. 3 and 4) , suggest that phot1 mediates the transient increases in [Ca 2+ ] cyt mainly by activating plasma membrane Ca 2+ channels. ] cyt (Fig. 2) and the increases are mainly contributed to phot2 (Fig. 3) , the functional roles of phot2-mediated Ca 2+ increases were investigated in etiolated seedlings. As shown in Figure 6 , the lower fluence rate of BL (1 mmol m 22 s 21 ) failed to induce the hypocotyl phototropism in phot1 and phot1phot2 mutants. However, the HBL (100 mmol m 22 s
21
) significantly induced phototropic bending in phot1 hypocotyls, and the HBL-induced phototropism was stronger in the phot1 mutant than that in the wild-type plant, which indicates that phot2 possibly plays a crucial role in HBL-induced phototropism. To further determine the role of phot2 in phototropism, we constructed a series of PHOT1 and PHOT2 transgenic Arabidopsis lines. The overexpression of PHOT1 in the wild-type plant and the homozygous phot2 mutant showed little role in HBL-induced hypocotyl phototropism, and the mutation of PHOT1 (phot1) and the overexpression of PHOT2 in homozygous phot1 (phot1 PHOT2-OX) significantly enhanced the phototropic responses (Fig. 7) .
Considering the regulation of Ca 2+ -related inhibitors on [Ca 2+ ] cyt (Fig. 4) , we next examined the phototropic curvature of the hypocotyls in the presence of these inhibitors. As shown in Figure 8 , application of these inhibitors efficiently inhibited HBL-induced hypocotyl phototropism. Compared with EGTA (Fig. 8A) , LaCl 3 exhibited a stronger inhibition, especially in the phot2 mutant (Fig. 8B) , while U73122 and RR showed similar roles in the inhibition of hypocotyl phototropism, with a stronger inhibition in the phot1 mutant (Fig. 8, C and  D) . These results, together with the data above (Fig. 4) , suggest that the transient increases in [Ca 2+ ] cyt are responsible for hypocotyl phototropism in response to HBL and that phot1 and phot2 seem to act in a redundant way, with phot2 playing the major role. Given the classic Cholodny-Went theory that phototropism is determined by the asymmetric distribution of the phytohormone auxin, we investigated the effects of inhibitors of auxin carriers on phototropism. 1-Naphthoxyacetic acid (1-NOA) at 10 mM, an inhibitor of auxin influx, did not have any effect on HBL-induced phototropic curvatures. By contrast, 1-N-naphthylphthalamic acid (NPA) at 1 mM, an inhibitor of auxin efflux, exhibited a significant inhibition of this phototropism (Fig. 9A) . Consistent with the phototropic responses above, NPA also drastically disturbed the HBL-induced increases in [Ca 2+ ] cyt in both the wild type and the phot1 mutant (Fig.  9B) . These results suggest that efflux carrier-based polar auxin transport is possibly involved in phot2-dependent responses under HBL.
Since NPA is shown, like lanthanum, to inhibit the increase in [Ca 2+ ] cyt (Fig. 4B) , which implies that the increase of auxin leads to these changes in the hypocotyls, we investigated the effects of exogenous auxin on [Ca 2+ ] cyt in the wild-type plant. As shown in Figure 9C , exogenous auxin application indeed stimulated an increase in [Ca 2+ ] cyt in a dose-dependent manner, which is consistent with early reports (Hasenstein and Evans, 1986; Gehring et al., 1990 ).
PKS1 Interacts with Phototropins and Their Potential Signaling Elements
Our genetic results indicate that phot2-dependent calcium signaling is responsible for HBL-induced Figure 8 . Effects of various inhibitors on the hypocotyl phototropic curvature induced by BL in the Arabidopsis wild type (WT) and phot1, phot2, and phot1phot2 mutants. Three-day-old etiolated seedlings of wild-type, phot1, phot2, and phot1phot2 Arabidopsis were grown on the same vertical plates and exposed to BL illumination at a fluence rate of 100 mmol m phototropism and that phot1 and phot2 possibly interact with each other in increasing cytosolic Ca 2+ . Consequently, we analyzed the interactions between phototropins and their potential signal elements and found that phot1 and phot2 did not interact with each other. Furthermore, PIN1, an auxin efflux carrier identified, was not associated with PHOT1/PHOT2 in vitro (Fig. 10A ) and in vivo (Fig. 10B) . Given that PKS1 is required for phototropism and associated with PHOT1 in vivo (Lariguet et al., 2006; Boccalandro et al., 2008) , we suppose that PKS1 is probably involved in HBLinduced phototropism through interacting with phototropin-related signaling elements (e.g. PIN1 and calmodulins). PKS1 had a direct interaction with PHOT1/ PHOT2 in vitro (Fig. 10C ) and in vivo (Fig. 10D) . Similar interactions were also found between PKS1 and PIN1 or CALMODULIN4 (CAM4; Fig. 10, C and D) . Additionally, glutathione S-transferase pull-down assays (Supplemental Materials and Methods) also revealed the direct physical interaction between PKS1 and PHOT1/PHOT2, PIN1, or CAM4 (Supplemental Fig. S2 ). Taken together, these results indicate that PKS1 may function in coupling phototropin receptor activity to auxin/calcium signaling in HBL-induced phototropism.
HBL-Induced Phototropic Responses Are Impaired in pks Multiple Mutants
Since there is a possible link between PKS1 and PIN1, as well as calcium signaling components, we thus assessed the functional roles of PKS1 in HBL-induced phototropism by using pks1 and pks multiple mutants. As shown in Figure 11A , HBL-induced phototropic responses were still found in pks single mutants (pks1, pks2, and pks4), while these responses were impaired in pks multiple mutants (pks1pks2, pks1pks4, and pks1pks2pks4), indicating that PKS1, PKS2, and PKS4 have a redundant function in phototropism (Lariguet et al., 2006) . In contrast, the HBLinduced increase in [Ca 2+ ] cyt was still found even in pks multiple mutants (Fig. 11 , B and C), which suggests that PKSs might function downstream of calcium signals in HBL-induced phototropic responses.
DISCUSSION The Role of phot2 in Hypocotyl Phototropic Responses
This work extends our knowledge of the roles of phot2 in hypocotyl phototropism. On the basis of genetic studies in Arabidopsis, it has become clear that the phototropin family of BL receptors regulates hypocotyl phototropism in a fluence rate-dependent manner. Especially under HBL, the redundant function mediated by both phot1 and phot2 drastically restricts our understanding of the roles of phot2. Since phot1 and phot2 have different photosensitivity for BL-induced phototropism ) and the light, oxygen, or voltage domains of phot1 and phot2 play different physical roles in phototropin-mediated phototropism (Cho et al., 2007) , we infer that the redundant function of phot1 and phot2 is probably attributed to the structure difference between phot1 and phot2. Here, we constructed different genetic lines and checked the effects of BL on hypocotyl curvature in these lines, and we found that phot1 showed a positive phototropic response at HBL (100 mmol m 22 s
21
) but no response at the low fluence rate of BL (1 mmol m 22 s
; Fig. 6 ). Although the PHOT2 transcript level was lower than the PHOT1 level in etiolated seedlings (Fig. 1) , its expression is indeed upregulated by BL . Moreover, the role of transgenic PHOT2 in the absence of PHOT1 (phot1 PHOT2-OX) was stronger than that in the presence of PHOT1 (PHOT2-OX; Fig. 7 ), which indicates that phot2 probably predominates in phototropism under highlight conditions and that phot1 negatively regulates ] cyt induced by BL in phot1, phot2, and phot1phot2 mutants. A, Seedlings were grown vertically on agar plates without (Control) and with 1 mM NPA or 10 mM 1-NOA and then exposed to BL illumination at 100 mmol m 22 s 21 for 12 h. Phototropic curvature was measured as shown in Figure 6B . ] cyt . The values are averages of three independent experiments (10-15 measurements each) with SD. *P , 0.05, **P , 0.01. the phot2-mediated response through a signal transduction pathway involving Ca 2+ (Harada et al., 2003) .
Phototropin-Mediated Ca 2+ Homeostasis
As a universal second messenger, Ca 2+ is involved in diverse cellular functions and is crucial in cell responses to a variety of stimuli. In particular, studies have revealed the importance of cytosolic Ca 2+ through phototropins in BL-induced movements such as phototropism, stomatal opening, chloroplast relocation, and solar tracking by leaves (Harada and Shimazaki, 2007) . Because of the differences in photosensitivity and redundant function between phot1 and phot2, early research Figure 10 . PKS1 interacts with PHOT1, PHOT2, PIN1, or CAM4. A, PIN1 did not interact with PHOT1 or PHOT2, and PHOT1 also did not interact with PHOT2, in the yeast two-hybrid system. Yeast (Saccharomyces cerevisiae strain Y190) containing pAS2-PIN1 or pAS2-PHOT1 as bait and pACT2-PHOT1 or pACT2-PHOT2 as prey, or pAS2-PHOT1 or pAS2-PHOT2 as bait and pACT2-PIN1 or pACT2-PHOT1 as prey, were grown for 48 h on synthetic defined (SD) medium that lacked Trp and Leu (middle panel) and were assayed for LacZ expression by a filter-lift assay for b-galactosidase activity (b-gal; top and bottom panels). The empty vector pAS2 and pACT2 were used as negative controls. pAS2-OST1 and pACT2-H3 were used as positive controls. A blue color indicates interaction. B, PIN1 does not interact with PHOT1 or PHOT2, and PHOT1 also does not interact with PHOT2, in vivo, as determined by BiFC. Left panels show fluorescence images under confocal microscopy, and right panels show bright-field images of the cells. C, PKS1 interacted with PHOT1, PHOT2, PIN1, or CAM4 in the yeast two-hybrid system. Yeast strains containing pAS2-PHOT1 or pAS2-PKS1 as bait and pACT2-PKS1, pACT2-PHOT2, pACT2-PIN1, or pACT2-CAM4 as prey were grown for 48 h on synthetic defined medium that lacked Trp and Leu (middle panel) and were assayed for LacZ expression by a filter-lift assay for b-galactosidase activity (top and bottom panels). D, PKS1 interacted with PHOT1, PHOT2, PIN1, or CAM4 in vivo as determined by BiFC. Left panels show fluorescence images under confocal microscopy, and right panels show bright-field images of the cells. YFP, Yellow fluorescent protein; YN and YC represent pSPYNE and pSPYCE (for split YFP N-terminal/C-terminal fragment expression), respectively.
focused on phot1-mediated physiological responses, in which phot1 predominantly mediated the BL-dependent Ca 2+ uptake from the apoplast in mesophyll cells (Harada et al., 2003; Stoelzle et al., 2003) , deetiolated seedlings (Baum et al., 1999) , and etiolated seedlings (Babourina et al., 2002) . As for phot2, there are still conflicting reports on the regulation of cytosolic Ca 2+ homeostasis, which implies that phot2 may alternatively mediate the Ca 2+ influx according to the tissues and light conditions (Harada and Shimazaki, 2007) . In this study, we first found that HBL (100 mmol m 22 s 21 ) specifically induced an increase in [Ca 2+ ] cyt in the etiolated hypocotyls and that the increase in [Ca 2+ ] cyt was attributed primarily to the action of phot2 (Figs. 2 and 3) . Moreover, phot2 mediated the Ca 2+ uptake mainly from internal calcium stores, not from the apoplast (Figs. 4 and 5) , which was different from the previous results obtained in mesophyll cells (Harada et al., 2003) . These results demonstrate that phototropins function in different plant organs, possibly through different "Ca ] cyt is responsible for the rapid inhibition of hypocotyl growth (Folta et al., 2003) , there still are no clues about the link between cytosolic Ca 2+ changes and hypocotyl phototropic responses. It is well known that a low fluence rate of blue light (LBL) induces a hypocotyl phototropic response, which is a phot1-dependent process (Inada et al., 2004; Fig. 6 ). However, LBL did not induce any increase in [Ca 2+ ] cyt (Fig. 2, A and B) , indicating that the increase in [Ca 2+ ] cyt is not required for phot1-mediated phototropism under LBL. Furthermore, Folta et al. (2003) have also found that a phot1-mediated transient increase in [Ca 2+ ] cyt is not a signal-transducing event in hypocotyl phototropism. Interestingly, HBL efficiently induced the increase in [Ca 2+ ] cyt (Fig. 3 ) and hypocotyl phototropism (Figs. 6 and 7) , and the application of calcium-related inhibitors significantly inhibited these HBL-induced responses (Figs. 4 and 8) , which reveals the novel physical role of the increase in [Ca 2+ ] cyt in HBL-induced phototropism.
The relevance of cytosolic Ca 2+ changes and phototropic responses is reminiscent of polar auxin transport. Pharmacological studies showed that NPA, an inhibitor of auxin efflux, significantly inhibited the hypocotyl phototropic responses and the increases in [Ca 2+ ] cyt (Fig. 9) , which exhibits the important regulation of auxin transport on cytosolic Ca 2+ changes (Hasenstein and Evans, 1986; Gehring et al., 1990) . To date, NPA may exert suppressive effects upon the auxin efflux activity of PIN1 (an auxin efflux carrier), which is involved in asymmetric auxin distribution through ABCB19 (an auxin efflux transporter; Sakai and Haga, 2012) . However, some lines of evidence have illustrated that changes of cytosolic Ca 2+ modulate both auxin transport and PIN polarity (Zhang et al., 2011) and that the mutants impaired in the localization of PIN1 exhibit altered hypocotyl phototropism (Noh et al., 2003) . Therefore, the cause-effect relationship between Ca calcium transients, we wondered whether there is a feedback activation cycle between Ca 2+ changes and auxin transport in HBL-induced phototropic responses.
The Possible Role of PKS1 in HBL-Induced Phototropic Responses
Since HBL-induced phototropism was stronger in the phot1 mutant than in wild-type plants (Fig. 6 ) and phot1 possibly inhibited phot2-mediated activity of Ca 2+ influx across the plasma membrane in Arabidopsis leaves (Harada et al., 2003) , we infer that there are some functional interactions between phot1 and phot2 to mediate the phototropism. However, yeast (Saccharomyces cerevisiae strain Y190) two-hybrid and bimolecular fluorescence complementation (BiFC) assays revealed that the two proteins had no physical interaction and that neither of them interacted with the auxin efflux carrier PIN1, the downstream element of phototropin signaling (Fig. 10, A  and B) . Recently, the Arabidopsis PKS protein family was reported as a phototropin signal element (de Carbonnel et al., 2010) , and auxin transport and the cytosolic Ca 2+ changes are responsible for HBL-induced phototropism (Fig. 9) . These lines of evidence encouraged us to probe the function of PKS1 during phototropin-dependent phototropism. As expected, PKS1 can interact with PHOT1/ PHOT2, PIN1, or calcium-binding proteins such as CAM4 in vitro ( Fig. 10C; Supplemental Fig. S2 ) and in vivo (Fig.  10D) . Moreover, the BiFC results not only demonstrated the in vivo interaction of these proteins but also showed the specific localization of the interacting proteins at the plasma membrane (Fig. 10D) . In Arabidopsis, there are seven typical CAM genes that encode only four protein isoforms: CAM1/CAM4, CAM2/ CAM3/CAM5, CAM6, and CAM7 (McCormack et al., 2005) . Intriguingly, PKS1 also interacts with CAM5 and CAM7, as well as CAM4, but not with CAM6 ( Supplemental Fig. S3 ). As Ca 2+ sensors, the same or similar CAMs are encoded by multiple CAM genes, but those CAM genes play possibly overlapping but nonidentical roles in regulating diverse downstream targets, leading to a stimulus-appropriate shift in physiology or developmental patterning (DeFalco et al., 2010) .
As a phot1-associated protein (Lariguet et al., 2006; Boccalandro et al., 2008 ), PKS1 appears to play important roles in phototropin-mediated hypocotyl phototropic responses under HBL (Fig. 11A) . Nonetheless, whether this is the sole PKS1 action on phot2-mediated responses and what the spatiotemporal relationship among PKS1, PIN1, and CAM4 in phototropin-dependent responses is still remain open. RT-PCR analysis preliminarily showed that the transcript levels of these signal elements have no significant differences among genetic lines except PHOT2-OX (Supplemental Fig. S4) . Further work will focus on how phototropins modulate these signal protein activities and their localization in tissue along the etiolated seedling.
MATERIALS AND METHODS
Plant Material, Growth Conditions, and Light Sources
Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 was used as the wild type in this study. The phot1-5, phot2-1, and phot1-5phot2-1 mutant seeds were kindly provided by Ken-ichiro Shimazaki. The pks single and multiple mutant seeds were kindly provided by Christian Fankhauser. For all experiments, seeds were surface sterilized and planted in square petri dishes containing 1.2% agar medium. Seeds were kept in a cold room at 4°C for 3 d and then exposed to white light for 24 h to induce uniform germination. After germination was induced, the petri dishes were incubated vertically to let the seedlings grow on the surface of agar for 3 d in darkness at 21°C to 22°C.
Arabidopsis hypocotyl phototropism was performed as described by Folta et al. (2003) with slight modifications. To measure the phototropic curvature of hypocotyls, we irradiated 3-d-old etiolated seedlings with 1 or 100 mmol m 22 s 21 unilateral BL by using light-emitting diode BL lamps for 12 h. The fluence rate was controlled by filters (film no. 72; Tokyo Butai Shoumei). After irradiation, photographs of the petri dishes were taken. Curvature was measured by using the software e-ruler. Mean values and SD were calculated for each experiment. The significance of differences between wild-type and mutant seedlings was confirmed by Student's t test.
Transgenic Plants
Aequorin expression vectors cloned into Agrobacterium tumefaciens strain GV3101 were gifts from M.R. Knight. Those constructs were introduced into A. tumefaciens strain LBA4404 and transformed by floral infiltration into Arabidopsis Columbia-0 and the phot1, phot2, phot1phot2, PHOT2-OX, phot1 PHOT2-OX, and pks single and multiple mutants (Harada et al., 2003) . Transformants with a 3:1 segregation ratio were self-fertilized, and the homozygous progeny were selected according to resistance to 50 mg mL 21 hygromycin B and identified by PCR with the following aequorin-specific primers: sense primer 59-ATGACCAGCGAACAATACTCAGT-39 and antisense primer 59-TTAGGGGACAGCTCCACCGTAGA-39. Gene-specific complementary DNA (cDNA) fragments of PHOT1 and PHOT2 were amplified by PCR. Primers were as follows: for PHOT1, sense primer 59-CCCGACTAGT-GATGGAACCAACAGAAAAAC-39 (SpeI restriction sites underlined) and antisense primer 59-GGGCGAATTCCTCAAAAAACATTTGTTTGC-39 (EcoRI restriction sites underlined); for PHOT2, sense primer 59-GGGTCTAGAAAA-GAAACGTTATGGAGAGG-39 (XbaI restriction sites underlined) and antisense primer 59-GCCGGTACCGATTAGAAGAGGTCAATGTCC-39 (KpnI restriction sites underlined). Gene-specific cDNA fragments of PHOT1 or PHOT2 were used for constructing the pBIB vector under the control of the SUPER promoter (Bai et al., 2009) . The constructs were introduced into A. tumefaciens strain GV3101 and transformed by floral infiltration into Arabidopsis wild-type, phot1, and phot2 plants.
Total RNA Extraction, RT-PCR, and Quantitative Real-Time PCR Analysis
Total RNA from Arabidopsis seedlings was extracted using TRIzol reagent (Invitrogen). RT was performed using 5 mg of total RNA and SuperScript II Reverse Transcriptase (Invitrogen). The cDNA diluted 10-fold was then used as a template for quantitative real-time (qRT)-PCR amplification. qRT-PCR was performed with the Stratagene M33005 QPCR system using SYBR Green to monitor double-stranded DNA products.
The primers used for gene expression analysis by semiquantitative RT-PCR are as follows: PHOT1 (forward, 59-AGAAACCGCAGTGAAAGAG-39; reverse, 59-ACGACAACTTGAGCAGCAT-39); PHOT2 (forward, 59-ATCG-TAACAAGGCTCACCG-39; reverse, 59-GTGCCCACCAATCAATAGC-39); ACTIN2 (forward, 59-TTCCTCATGCCATCCTCCGTCTT-39; reverse, 59-CAGC-GATACCTGAGAACATAGTGG-39). The primers of PKS1, PIN1 and CAM4 used for gene expression analysis by semiquantitative RT-PCR are shown in Supplemental Materials and Methods.
For qRT-PCR analysis, ACTIN2 was used as an internal standard to normalize the data and amplified with the following primer pair: forward, 59-AACCACTATGTTCTCAGGCATCG-39; reverse 59-CCTGGACCTGCCT-CATCATACT-39. The primers used for gene expression analysis by qRT-PCR are as follows: for PHOT1, forward primer 59-TCTTCTCACGATTGCTCC-CAT-39 and reverse primer 59-TGCTTGCTCACCTCCACTTGC-39; for PHOT2, forward primer 59-CTTCTCACAGTCACTCCTATC-39 and reverse primer 59-TTCTCCTTCTGGCGAGCATCAT-39.
Polyclonal Antibodies and Immunodetection
Polyclonal antibodies raised against the plasma membrane H + -ATPase, phot1, and phot2 were provided by K. Shimazaki and described previously (Kinoshita and Shimazaki, 1999 , Doi et al., 2004 , Ueno et al., 2005 . Immunodetection was performed according to Kinoshita and Shimazaki (1999) . Briefly, Arabidopsis etiolated seedling proteins were subjected to SDS-PAGE on an 8.0% gel, and the proteins were transferred to polyvinylidene difluoride membranes (Roche) by electrophoretic transfer. After blocking at room temperature for 2 h, the membranes were incubated with monoclonal anti-H + -ATPase, anti-phot1, or anti-phot2 antibody for 16 h at 4°C. The membranes were then washed three times for 10 min each in Tris-buffered saline and Tween 20, reacted with horseradish peroxidase-conjugated anti-goat IgG secondary antibody, and visualized using Lumi-Light Western Blotting Substrate (Roche) in accordance with the manufacturer's instructions.
Aequorin Reconstitution and [Ca 2+ ] cyt Measurements
In vivo reconstitution of aequorin from expressed apoaequorin and coelenterazine followed the method of Bai et al. (2009) with slight modifications. A 3-d-old etiolated seedling (about 5-8 mm) grown under dark conditions was floated on 0.1 mL of freshly prepared cp-coelenterazine (a derivative of coelenterazine that has 15 times higher luminescence and faster response time than native coelenterazine; 2.5 mM; Molecular Probes) solution in a 1.5-mL Eppendorf tube for 14 to 20 h in the dark. For pharmacological analysis, tubes were supplemented with each drug 30 to 60 min before BL irradiation. Aequorin luminescence emitted from etiolated seedlings was measured with the Auto Lumat LB9507 Luminometer (Berthold Technologies). All measurements were performed in a dark room at 22°C. Background light (less than 0.01 mmol m 22 s 21 ) from the computer screen was used for a safelight.
Each seedling containing reconstituted coelenterazine in a 1.5-mL tube was set on the plate holder of the Lumicounter in complete darkness. The basal luminescence level was measured for at least 20 s (five times s 21 ). Then, the tube was pulled away from the photomultiplier tube of the Lumicounter, the seedling was exposed to BL for 15 s, and the tube was put back to record the aequorin luminescence for 120 s. During the whole process, perturbations should be avoided, which may elicit mechanical signaling. In this way, mechanical stimulation and the time required to put the tube back to the photomultiplier tube were minimal. BL was obtained using cold light-emitting diode BL lamps with a maximum wavelength of 470 nm (LSD). To estimate the Ca 2+ concentrations from the luminescence values, 0.1 mL of solution (including 2 M CaCl 2 and 20% ethanol) was quickly injected into the tube to discharge all of the remaining aequorin after the experiment. In vivo Ca 2+ concentrations were estimated according to the method of Baum et al. (1999 
Patch-Clamp Analysis
Arabidopsis hypocotyl cell protoplasts were isolated according to previous methods (Pandey et al., 2002) . The whole-cell voltage-clamp currents of Arabidopsis hypocotyl cells were recorded with an EPC-9 patch-clamp amplifier (HEKA Electronics) as described in a previous report (Miao et al., 2006) . To determine the activation state of the channels, 10 repetitive voltage ramps of 1-s duration were applied with an interval of 3 s, after a preactivation period of 50 ms at hyperpolarized potentials, and the current responses were averaged. Voltage protocols are given in the figure legends. Standard solutions contained (in mM) 100 CaCl 2 , 0.1 dithiothreitol, and 10 MES-Tris (pH 5.6) in the bath and 10 BaCl 2 , 0.1 dithiothreitol, 4 EGTA, and 10 HEPES-Tris (pH 7.1) in the pipette. D-Sorbitol was used to adjust the osmolarities of bath and pipette solutions to 390 and 420 mmol kg
21
, respectively. Pipettes were pulled with a vertical puller (Narishige) modified for two-stage pulls.
For illumination experiments, protoplasts were kept in darkness, and the sealing procedure was done under dim light (2 mmol m 22 s 21 yellow light)
provided by the microscope halogen lamp. After establishment of the cellattached configuration, the light was turned off and background currents were recorded. For subsequent light treatments, BL was generated by a 75-W xenon lamp and directed through a band-pass filter (450-490 nm) of an inverted microscope (Zeiss Axiovert 35). Photon flux density was adjusted to 100 mmol m 22 s 21 by using neutral density filters (Schott). Fluence rates were measured with a quantum meter (Li-250; Li-Cor). PULSEFIT 8.7, IGOR 3.0, and ORIGIN 7.0 software were used for data analysis.
Yeast Two-Hybrid Analysis
For yeast two-hybrid assays, the coding regions of PHOT1, PHOT2, and PKS1 were amplified by PCR with primers that contained appropriate restriction sites. The amplified fragments were inserted into the plasmid pAS2 (Clontech), which contains the GAL4 DNA-binding domain, producing the constructs pAS2-PHOT1, pAS2-PHOT2, pAS2-PIN1, and pAS2-PKS1, which encoded the bait constructs. The full-length coding regions and different fragments of PKS1, PIN1, and CAM4 were cloned in frame between corresponding restriction sites into the pACT2 vector, which contains the GAL4 activation domain, creating the prey plasmids pACT2-PHOT1, pACT2-PHOT2, pACT2-PKS1, pACT2-PIN1, and pACT2-CAM4. Yeast two-hybrid interaction assays were performed as described (Wang et al., 2010) . Competent cells of Saccharomyces cerevisiae strain Y190 (Clontech) were transformed simultaneously with pAS2-PHOT1, pAS2-PHOT2, or pAS2-PKS1 and pACT2-PKS1, pACT2-PIN1, or pACT2-CAM4. Yeast (Saccharomyces cerevisiae strain Y190) cells that had been cotransformed with pAS2 and pACT2 with no inserts were used as negative controls, whereas those cotransformed with pAS2-OST1 (for opening stoma transcription factor1) and pACT2-HSF3 (for heat shock protein factor3) were used as positive controls.
BiFC Assay
To measure in vivo interactions, the coding regions of PKS1, PHOT1, PHOT2, PIN1, and CAM4 were amplified by PCR with primers that contained appropriate restriction sites, and the amplified fragments were inserted into the plasmids pSPYNE and pSPYCE, which contain DNA encoding the N-terminal and C-terminal regions of yellow fluorescent protein, respectively (Wang et al., 2010) , to form pSPYNE-PKS1, pSPYCE-PHOT1, pSPYCE-PHOT2, pSPYCE-PIN1, and pSPYCE-CAM4, respectively. Protoplasts isolated from Arabidopsis leaves were transformed with the following combinations of plasmids: pSPYNE-PKS1 and pSPYCE-PHOT1, pSPYCE-PHOT2, pSPYCE-PIN1, or pSPYCE-CAM4, according to previous protocols (Wang et al., 2010) . Coexpression of pSPYNE-PHOT1 and pSPYCE-PHOT1 as positive controls was as described (Kaiserli et al., 2009) . After incubation for 16 to 20 h, the fluorescence of the protoplasts was measured with a confocal laser scanning microscope (FV1000; Olympus). All figures show representative images from three independent experiments. Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers PHOT1 (At3g45780), PHOT2 (At5g58140), PKS1 (At2g02950), PIN1 (At1g73590), and CAM4 (At1g66410).
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The following materials are available in the online version of this article.
Supplemental Figure S1 . Changes in cytosolic Ca 2+ induced by cold in Arabidopsis etiolated seedlings.
Supplemental Figure S2 . PKS1 interacts with PIN1, CAM4, PHOT1 and PHOT2 by GST pull-down assays.
Supplemental Figure S3 . PKS1 interacts with CAM5 and CAM7.
Supplemental Figure S4 . Analysis of the expression of PKS1, PIN1, and CAM4 genes in the hypocotyl of Arabidopsis etiolated seedlings by RT-PCR.
